arrays, [ 18 ] and photonic cavities. [ 19 ] Furthermore, various theoretical schemes have been proposed to attempt the ultimate feat in thin-fi lm light-matter interactions-i.e., total absorption of light in monolayer graphene-using a photonic crystal slab, [ 20 ] and doped graphene nanodisks. [ 21 ] However, perfect optical extinction in monolayer graphene has not yet been demonstrated experimentally. One possible route to achieve perfect extinction in SLG is to squeeze electromagnetic waves through an extremely narrow aperture to maximize absorption of the graphene. Ideally, the gap size should be around a few nanometers to maximize the fi eld enhancement in and around the graphene layer but not so small where tunneling across the gap would reduce the enhancement. [ 22 ] The nanogaps should also possess a mechanism to boost fi eld intensity to compensate for the reduced transmission through the deeply subwavelength openings.
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Design and Fabrication
Recently, atomic-layer lithography [23] [24] [25] [26] has been developed to overcome the technological challenge of fabricating nanometer-wide gaps along micrometer-to centimeter-scale loops. This method consists of a "plug-and-peel" metal patterning and atomic layer deposition (ALD) to defi ne the lateral resolution of nanogaps. After a fi rst pattern of gold (Au) is defi ned using standard photolithography, a conformal layer of alumina (Al 2 O 3 ) is deposited on the vertical sidewalls and top surface of the patterned metal ( Figure 1 a) . During this stage, the thickness of the alumina layer deposited on the sidewalls determines the lateral width of the vertically oriented gaps. After a second Au deposition (Figure 1 b) , the excess Au over the fi rst metal patterns can be peeled off using an adhesive tape due to the weak adhesion between Au and Al 2 O 3 (Figure 1 c) . The resulting nanogaps enabled the observation of huge fi eld enhancements of over 25 000 with the amplitude transmittance of 50% when 4-mm wavelength electromagnetic waves were squeezed into the 1-nm wide (≈ λ /4 000 000) metallic gaps, as reported in previous work. [ 24 ] In the present work, we investigate how the highly confi ned and enhanced near-fi eld generated in the vicinity of 2-nm-wide High carrier mobility and tunability in graphene enable fundamental studies for plasmonics and various applications. Despite its versatility, however, single-layer graphene (SLG) suffers from poor coupling effi ciency to electromagnetic waves, presenting a major challenge for photonic applications. Compared with visible or infrared radiation, terahertz (THz) waves exhibit higher absorption in SLG due to Drude-like intraband transitions, but the wavelength-to-SLG size mismatch becomes even more dramatic.
Here, we experimentally demonstrate 99% extinction of THz wave transmission when SLG covers the openings of 2-nm-wide (≈ λ /1 000 000) slits through a metal fi lm. By resonantly coupling THz waves through annular nanogaps, the extremely localized fi elds lead to near-perfect extinction and strong absorption in SLG. Atomic-layer lithography is used to produce these nanometer-wide, millimeter-long gaps over an entire 4-in. wafer. Furthermore, by integrating these devices with an ionic liquid, enhanced intraband absorption in the SLG leads to 80% modulation of THz waves with an operational voltage as low as 1.5 V.
Introduction
Graphene [ 1 ] possesses unique optical properties [2] [3] [4] [5] that enable exciting applications such as tunable metamaterials, [ 6, 7 ] fi eldeffect transistors, [ 8, 9 ] optical modulators, [10] [11] [12] [13] and photodetectors. [ 14, 15 ] However, the extinction of transmitted light through single-layer graphene (SLG), which is caused by the sum of absorption and scattering, has been limited due to its inherent atomic-scale thickness. To enhance the optical absorption, SLG has been combined with subwavelength metallic apertures, [ 16 ] metamaterials, [ 7 ] multilayer graphene, [ 17 ] nanodisk gaps interact with atomically thin SLG in the terahertz (THz) regime. To place SLG directly over the nanogap, the remaining top alumina layer was removed via reactive ion etching (RIE) with an inductively coupled plasma (Plasmalab System100 ICP180, Oxford Ltd.) (Figure 1 d) . In the devices used for THz modulation, a uniform Al 2 O 3 overlayer was grown on top of the metallic gaps using ALD to electrically tune the THz absorption in the SLG fi lm. Lastly, CVD-grown SLG fi lms were placed onto the samples using a standard transfer technique (Figure 1 e) (for details of the transfer process, see Experimental Section). The graphene layer was characterized by confocal Raman spectroscopy (WITec alpha300 R confocal Raman microscope with UHTS300 spectrometer and DV401 CCD detector), as shown in Figure 1 e (inset). The Raman spectra indicate a high quality SLG as attested by the locations of the G-peak (1593 cm −1 ) and 2D-peak (2693 cm −1 ), their intensity ratio ( I 2D / I G ) of ≈3.5, and the full width at half maximum of the 2D-peak of about 40 cm −1 . Figure 1 f demonstrates that the nanogaps can be formed along the contours of arbitrary shapes while Figure 1 g shows a top-view scanning electron micrograph (SEM) of a 5-nm-wide annular gap with a diameter of 32 µm made through a 150-nm-thick Au fi lm.
Results and Discussion
To experimentally probe the THz response of our graphenenanogap hybrid structures, we performed THz time-domain spectroscopy (THz TDS) [ 24, 27, 28 ] on both a bare Pyrex glass substrate and the 2-nm-wide annular gaps with and without SLG (for details of THz-TDS, see Experimental Section). A linearly polarized THz wave is normally incident from the glass side underneath the annular gaps, which are polarization-independent structures with dipole resonances along the contour of each circular loop. [ 29 ] Surprisingly, placing SLG on top of these nanogaps without an alumina spacer almost completely shuts off the THz transmission ( Figure 2 a) . The 32 µm diameter annular gaps were arranged in an array with a period of 50 µm through a 150-nm thick gold fi lm (Figure 2 b) . Such a structure supports a bright dipole mode similar to a coaxial waveguide, as shown in Figure 2 b (inset), which can be excited at the resonance frequency f res = c /(ln eff ), where c is speed of light, l is the perimeter of the annular gap, and n eff is the effective index of the mode. [ 24, 29 ] In Figure 2 c (top), the single cycle curve of the THz pulse through SLG on the bare Pyrex substrate remains intact, Figure 1 . a) A circular hole array is fabricated into a thin gold fi lm using standard lithography. The patterned metallic structure is conformally coated with a thin alumina (Al 2 O 3 ) layer using atomic layer deposition (ALD). b) The holes are fi lled with gold by directional metal evaporation. c) Excess metal at the top surface is removed using an adhesive tape. The alumina layer is still partially covering the metal surface. d) To increase the surface sensitivity of the nanogap, the top alumina layer is etched by reactive ion etching (RIE). e) A CVD-grown SLG is transferred onto the annular gaps using standard transfer techniques. (Inset) Raman spectrum of SLG onto the patterned metallic fi lm. f) Top-view scanning electron image (SEM) of a nanogap along a "star" shape. g) Top-view SEM of a 5-nm-wide annular gap. (Inset) The enlarged SEM image of the same 5 nm gap formed along the ring-shaped element.
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www.MaterialsViews.com www.advopticalmat.de indicating little change between the peak-to-peak amplitudes of the substrate with and without SLG. The nanogap sample without SLG displays a quasi-periodic waveform, indicating strong THz resonance in the frequency domain (Figure 2 c, bottom). Interestingly, for the nanogap sample with SLG, the periodic waveform is almost completely suppressed, resulting in a signal with a <20% peak-to-peak amplitude (Figure 2 c,  bottom) . It is instructive to compare the Fourier transform transmission spectra to help us identify why the annular gaps give rise to so much extinction with SLG. While the graphene on the bare substrate shows a typical extinction of ≈20% over a broad THz frequency range [ 11 ] (Figure 2 d) , the 2-nm annular gaps with SLG allows 99% THz extinction leading to a reduction by another two orders of magnitude at the resonance frequency of 0.51 THz (Figure 2 e) . This huge extinction is mostly caused by absorption enhancement in SLG and large change of local refractive index around the nanogap enabled by SLG. Although it is diffi cult to quantify the contribution of each effect experimentally, numerical simulations show that SLG over the 2-nm gap can absorb 98% of total incident electromagnetic energy (See Supporting Information).
Also we experimentally show that this extinction is strongly dependent on the gap size-a critical parameter in determining the fi eld enhancement around the gap. [ 24, 28 ] Using THz time-domain spectroscopy, we measured THz transmissions through annular gaps, having different gap sizes of 2, 5, and 10 nm, without and with SLG, as shown in Figure 3 a-c. Two interesting features in this result are that: i) the THz extinction decreases for the increasing gap size (Figure 3 d) and, ii) for gaps wider than 2 nm, which do not show perfect extinction of the THz resonance peak, we observe that the transmission peak with SLG shifts toward lower frequencies, compared with the peak without SLG. This is experimental evidence showing that the absorption enhancement, which is proportional to the fi eld intensity near the gap, increases as the gap size decreases. [ 30 ] Furthermore, the resonant transmission through the annular gap is strongly infl uenced by the refractive indices of the upper and bottom media of the gap, as well as the index inside the gap. While the index value of the 500-µm-thick glass substrate is constant, the 2-nm gap can further increase the effective index value of the upper medium-graphene and air-because of its stronger fi eld confi nement than those of the wider gaps (5 and 10 nm). [ 31, 32 ] In addition to the strong absorption in the SLG, transmission is also affected by an impedance mismatch between the graphene layer and the nanogap as well as absorption in the metal. However, our simulations ( Figure S1 , Supporting Information) showed that the majority of the energy lost is due to the SLG only. Because of such strong light-matter interactions in our devices, the confi nement of THz waves inside 2-nm-wide slits also enables high-contrast modulation of THz transmission using SLG. For such modulation experiments, we had to insert a spacer between SLG and the metallic nanogaps as described above. This allowed an electrically controllable hybrid material platform, consisting of the 2-nm-wide annular gaps, a SLG fi lm, and an ionic liquid layer [ 18 ] on top of the SLG fi lm ( Figure 4 a) . 1-Butyl-3-methylimidazolium hexafl uorophosphate ([BMI][PF6]) was used as the ionic liquid layer to yield a high capacitance (3.9 µF cm −2 ) [ 33 ] and a low absorption in the THz frequency region. The ionic liquid was injected in a microfl uidic channel made of a cover glass and double-sided Scotch tape as a spacer. A platinum (Pt) wire as a top gate electrode was connected to the ionic liquid layer, and two gold electrodes were put on both sides of the ≈12 mm × 6 mm SLG fi lm (Figure 4 a) . A gate voltage ( V g ) was applied between the top Pt electrode and one Au electrode on graphene in the range −1.5 to 1.5 V, and a bias voltage ( V b ) was applied between both of the Au electrodes on the SLG with 0.1 V at the same time to monitor the DC current/resistance of the SLG. A 2-nm-thick alumina spacer was added by ALD between the top surface of the nanogap structure and the SLG layer in order to enhance the THz modulation depth controlled by a top gate voltage (Figure 4 a (inset) ). Unlike the SLG in direct contact with the nanogaps in Figure 2 , the peak transmission of the hybrid switching device with the additional alumina spacer at V g = 0 V is about 20% that of the bare nanogap sample, as shown in Figure 4 b.
To change the carrier density in SLG, we applied the top gate voltage and observed the resulting THz transmissions and DC currents simultaneously. As the gate voltage increases from −1.5 V to 1.5 V, maximum THz transmission (red triangle line) at a fi xed frequency of 0.5 THz is observed at V g = 0.3 V, indicating that the Fermi energy at this gate voltage is closest to the Dirac point, as shown in Figure 4 c. The DC current (orange circle line) also shows the lowest value at the same voltage, confi rming the Dirac point of the SLG. Furthermore, the hybrid graphene-nanogap device shows a hysteretic behavior in the THz transmission for a cycle of the gate voltage due to charge carrier retention, potentially allowing photonic memory applications. [ 7, 34 ] As the gate voltage decreases from −0.1 V to −1.5 V, the largest THz modulation depth of ≈80% is observed at the specifi c frequency of 0.5 THz. This is to the best of our knowledge a record for SLG applications.
The Fermi energy level of the SLG can be estimated using a simple capacitor model [ 35 ] as π = ( ) n C V V e, where C is the capacitance of the ionic liquid layer, e is the electron charge, and V CNP is taken as 0.3 V, the closest value to the Dirac point. Figure 4 d shows the gate voltage dependence of the Fermi energy obtained through the capacitor model. [ 18 ] To further elucidate the physical mechanisms responsible for the observed THz extinction in SLG over the nanogap, we performed 2D COMSOL modeling with infi nitely long nano-slits 
www.MaterialsViews.com www.advopticalmat. de (for details of the numerical simulations, see Experimental Section). To reduce computational complexity, the SLG is treated as an effective medium with a thickness of 2 nm. [ 36, 37 ] The permittivity of the 2-nm-thick medium for SLG is given by ε σ εω = + 1 ( )/( ) 0 i t, where σ is the effective conductivity of the graphene, ε 0 is the vacuum permittivity, ω is the angular frequency of the light, and t (=2 nm) is the effective thickness of the SLG fi lm. [ 36, 37 ] In Figure 5 a,b, the surface conductivity and effective refractive index of the graphene over the frequency range 0.1-1.0 THz were estimated using the local random phase approximation of the Kubo formula [ 38 ] considering both the intraband and interband contributions at the temperature T = 300 K, the Fermi energy E F = 0.3 eV, and the scattering rate Γ = 0.1 eV. [ 35 ] In Figure 5 c,d, we compare electric fi eld enhancement factors of 5-nm-wide slits both without and with the SLG layer with the effective refractive index calculated in Figure 5 b. While the fi eld amplitude (| E |) enhancement factor without graphene is about 700, the enhancement factor for the gap with the graphene dramatically shrinks to below 50, leading to 99% extinction of THz wave intensity (| E | 2 ). This result has a good quantitative agreement with the experimental results shown in Figure 3 b,d . Furthermore, by adding the 2-nm-thick alumina spacer between the graphene and the nanogap in the simulation, the averaged intensity (| E | 2 ) enhancement at the exit of the gap can be modulated by 52% as the Fermi energy of graphene is changed from 0.01 to 0.8 eV (Figure 5 e,f) . While this value is lower than the experimental results shown in Figure 4 , this can be attributed to the lower (non-resonant) fi eld enhancements of the infi nitely long slits used in the simulations. However, we emphasize the remarkably good agreement between these simulations and experiments, demonstrating the strong interaction between THz waves and SLG with the nanogap.
Conclusion
Experimental demonstration of near-perfect THz extinction in SLG with our 2 nm gaps opens up new and exciting possibilities to construct graphene-nanogap hybrid device for various applications. As an example, we showed a wafer-scale grapheneover-nanogap architecture that displayed high-contrast THz wave modulation as large as ≈80% with an operational voltage of only 1.5 V. Furthermore, because the tightly confi ned THz wave near the nanogap can detect the changes of local refractive index enabled by the monolayer graphene, our nanogap paves a way toward THz sensing of atomically thin fi lms, such as graphene or MoS 2 , self-assembled monolayer, and biomolecules. Together, our results provide powerful new techniques for developing optical modulators, [39] [40] [41] [42] or investigating novel nonlinear [ 39, 43 ] and optical rectifi cation [ 44 ] phenomena.
Experimental Section
Graphene Transfer over Nanogap Array : We purchased the CVDgrown SLG fi lm on copper foil from a commercial vendor (Graphene Laboratories Inc.). For the transfer process, we spin-coated a poly(methyl methacrylate) (PMMA) layer onto graphene, and etched the copper foil in 1 M ammonium persulfate. After rinsing the etchant residue from the PMMA-graphene fi lm, the PMMA-graphene fi lm was scooped by the substrate. The samples were dried overnight, the PMMA was removed with acetone, and the whole sample was then cleaned with isopropyl alcohol (IPA).
Terahertz Time-Domain Spectroscopy : We measured the transmission spectra of the annular gap array in the frequency range from 0.1 THz to 1.5 THz using THz time-domain spectroscopy. In our setup, a femtosecond Ti:Sapphire laser (Mai-Tai XF, Newport Corporation) illuminated a GaAs-based photoconductive antenna (Tera-SED, Gigaoptics, GmbH) with a pulse train of wavelength 780 nm, 80 MHz repetition rate, and 90-fs pulse width. The p -polarized millimeterwavelength pulses were normally incident on the annular gap structure. The THz waves transmitted through the annular gaps were collected using a Tsurupica lens (NA = 0.45) and detected via electro-optic sampling using a (110)-oriented ZnTe crystal.
2D Finite-Element Method Modeling
Using COMSOL : We numerically simulated infi nitely long slits with gap sizes of 2 and 5 nm in a 150 nm-thick gold fi lm using COMSOL. The Drude model was used to fi t the optical parameters of the gold fi lm (plasma frequency of 1.37 × 10 4 THz, damping parameter of 40.7 THz) in THz frequencies. [ 45 ] The thickness dependent refractive indices of the 5 nm and 2 nm thick alumina fi lms were 2.12 and 1.73, respectively. [ 24 ] The refractive index of the glass substrate was 1.95. Due to the extreme length-scale differences between the millimeter waves and nanometer gaps, care was taken to mesh the simulation area properly. The largest element size in free space was 20 µm whereas the smallest element size was 0.1 nm in the gap. The simulation area covered 9 mm high × 6 mm wide. Perfectly matched layers (PML) were used to minimize boundary refl ections with plane-wave THz illumination from the glass substrate side. Field enhancements within the gap were calculated by comparing the average amplitude within the gap to a reference amplitude, which was the transmitted electric fi eld amplitude through the interface between air and glass without the nanogap or gold fi lm.
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